Critical Review of the Effect of Water Saturation Variation

on Pore Pressure Estimation Technique by Sahetmyradov, Yslam
 Critical Review of the Effect of Water Saturation Variation 









Dissertation submitted in partial fulfilment of 
the requirements for the 













Universiti Teknologi PETRONAS 
31750 Bandar Seri Iskandar 
Perak Darul Ridzuan 
 
i 
CERTIFICATION OF APPROVAL 
 
Critical Review of the Effect of Water Saturation Variation 







A project dissertation submitted to the 
Petroleum Engineering Programme 
Universiti Teknologi PETRONAS 
in partial fulfilment of the requirement for the 












Universiti Teknologi PETRONAS 
31750 Bandar Seri Iskandar 
Perak Darul Ridzuan 
 
July 2014  
ii 
 





This is to certify that I am responsible for the work submitted in this project, that the 
original work is my own except as specified in the references and acknowledgements, and 
that the original work contained herein have not been undertaken or done by unspecified 


















Pore pressure estimation is a critical process in terms of safety and economy of time and 
money during exploration, drilling and production operations. The knowledge of pore 
pressure gradients is invaluable in modelling correct mud weights and designing casing 
configuration for well construction. The properly estimated pore pressure gradients allow 
avoiding, or at least mitigating, the risks associated with drilling such as pressure kicks, 
well blowouts, formation damage and loss of circulation. Conventional well-log based 
methods of pore pressure prediction convert porosity indicators, such as sonic travel 
time/velocity and resistivity, into pore pressure estimates. The methods are developed in 
application to normal water bearing shale with 100% water saturation. This research study 
reviewed the effect of gas presence and associated water saturation variation in 
unconventional shale gas formations on conventional pore-pressure estimation technique, 
as well as on workflow of pore pressure analysis. The review of previous publications 
discovered that: (a) in normal shale, water saturation always equals unity and it does not 
affect a pore-pressure estimation technique; (b) in unconventional shale gas formations, 
water saturation alteration, through the gas presence, indirectly affects the pore-pressure 
estimation technique reducing its accuracy of prediction. Particularly, it causes the sonic 
compressional velocity (Vp) to be slower / transit time (Δtc) to increase. However, strictly 
speaking, the original cause of this effect is the gas presence, and water saturation 
alteration is associated with the gas saturation (Sw = 1 – Sg). To correct the gas effect on 
compressional velocity (Vp), a downhole measured shear velocity (Vs) should be used due 
to its low response to gas in porous medium. The method using corrected compressional 
velocity is applicable to predict pore pressure both in unconventional shale gas formations 
and in gas-bearing formations in conventional reservoirs. The inspection of correlation 
between water saturation and pore pressure, calculated after the correction of gas effect, 
in such kind of reservoir as shale gas formation, following the proposed methodology, 
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Pore pressure or formation pressure (Pp) is the pressure exerted by the fluid contained 
within a pore space of formation [1]. If the pore pressure is lower or higher than the 
hydrostatic pressure (Phyd) (normal pore pressure), it is abnormal pore pressure. When 
pore pressure exceeds the normal pressure, it is overpressure (or surpressure), whereas 
pore pressure less than hydrostatic pressure, it is underpressure (subpressure) [2]. 
 
Dеtеctiоn аnd quаntitаtivе еstimаtiоn оf аbnоrmаlly prеssurеd fоrmаtiоns аrе cruciаl tо 
еxplоrаtiоn, drilling, аnd prоductiоn аctivitiеs [2]. Uncеrtаintiеs оf pоrе prеssurе, 
pаrticulаrly оf оvеrprеssurе, cаn significаntly incrеаsе drilling nоn-prоductivе timе аnd 
cаusе sеriоus drilling incidеnts such аs stuck pipеs, fоrmаtiоn dаmаgе, fluid flux, wеllbоrе 
instаbility, prеssurе kicks аnd wеll blоwоuts [3] [4]. 
 
Although underpressure is not always given the same attention as overpressure, but 
entering such intervals with an overbalanced mud system can definitely cause problems 
such as mud invasion, formation damage and fracture, loss of circulation and hydrostatic 
control [1]. 
 
All these incidents may lead to loss of time, money and even human lives. 
 
Thеrеfоrе, аwаrеnеss оf pоrе prеssurе in cоmbinаtiоn with frаcturе grаdiеnts is thе bаsis 
fоr еcоnоmicаlly аnd sаfеly drilling wеlls with cоrrеctly prоgrаmmеd mud wеights, 
prоpеrly dеsignеd cаsing cоnfigurаtiоn (cаsing sizеs аnd sеtting dеpths), аnd еfficiеnt wеll 
cоmplеtiоns, аnd аllоw fоr killing thе wеll in cаsе оf fluid influx withоut frаcturing 
2 
fоrmаtiоns in оpеn hоlе sеctiоn [2]. Figurе 1 prеsеnts thе еxаmplе оf hоw pоrе prеssurе 
аnd frаcturе grаdiеnts cаn bе usеd tо sеlеct cаsing sеtting dеpths. Cаsing shоеs аrе sеt 
bеlоw thе fоrmаtiоn brеаkdоwn pоints. 
 
 
Fig. 1.1. Pore pressure gradient, fracture gradient, overburden stress gradient (lithostatic 
gradient), mud weight, and casing shoes with depth [3]. 
 
Overpressures can be generated by a variety of mechanisms among which are: 
a) Overburden effect (undercompaction) 
b) Tectonic stresses (lateral stresses, uplift, faulting or folding of rocks) 
c) Increases in fluid volume (water release due to clay diagenesis and gypsum 
dehydration, hydrocarbon generation and gas cracking, aquathermal expansion) 
d) Osmosis (water flow from less saline or fresh water formation to more saline water 
formation resulting in pressure discharging and charging, respectively) 
e) Hydrostatic effects (hydraulic head and hydrocarbon buoyancy) 
 
Bеfоrе а rеliаblе аnаlysis оf pоrе prеssurе cоmmеncеd, mаny sоurcеs оf dаtа hаvе tо bе 
cоnsidеrеd аnd еvаluаtеd. Quitе оftеn, diffеrеnt sоurcеs оf dаtа givе cоnflicting rеsults 
аbоut pоrе prеssurе аltеrаtiоn, аnd еnginееr hаs tо еstimаtе which sоurcеs аrе rеlеvаnt 
аnd rеliаblе [1]. 
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Pоrе prеssurе аnаlysеs cоnsists оf thrее cаtеgоriеs: prе-drill pоrе prеssurе prеdictiоn, pоrе 
prеssurе prеdictiоn whilе drilling аnd pоst-wеll pоrе prеssurе аnаlysis. Thе prе-drill pоrе 
prеssurе аnаlysеs, аs аn initiаl sоurcе, usеs thе sеismic intеrvаl vеlоcity dаtа in thе plаnnеd 
wеll lоcаtiоn, rеgiоnаl gеоlоgy dаtа, wеll lоgging аnd drilling dаtа in thе оffsеt wеlls. Thе 
pоrе prеssurе prеdictiоn whilе drilling gеnеrаlly usеs thе lоgging whilе drilling (LWD), 
mеаsurеmеnt whilе drilling (MWD), drilling pаrаmеtеrs, аnd mud lоgging dаtа fоr 
аnаlysеs. Thе pоst-wеll аnаlysis in thе drillеd wеlls dеаl with аll аvаilаblе dаtа tо build 
pоrе prеssurе mоdеl, which cаn bе usеd fоr prе-drill pоrе prеssurе еstimаtiоns fоr futurе 




Fig. 1.2. Schematic workflow for pore pressure analysis [5]. 
 
In this report, exactly the well logging data from offset wells only were considered as a 
technique for pre-drill pore pressure prediction in future wells. Well-log based methods 
of pore pressure estimation are based on the shale (mudrock) properties. The pore 
pressures obtained from these methods are the pressures in shale. Pore pressures in 
permeable formations (sandstone, limestone) are estimated referring to pressures in shale 
[3]. Well-log based methods of pore pressure prediction convert porosity indicators, such 




1.2 PROBLEM STATEMENT 
 
The ability to estimate pore pressure is vital in terms of safety and economy of time and 
money during exploration, drilling and production operations [2]. The knowledge of pore 
pressure gradients is invaluable in modelling correct mud weights and casing programs. 
 
Whatever the mechanism causes formation overpressured, what all of them have in 
common is that the zone in question contains an abnormal (excessive) volume of 
formation fluid due to inability of the retained fluids to escape at sufficient rate to maintain 
a pore pressure (Pp) in equilibrium with normal hydrostatic pressure (Phyd) of the region 
[1] [6]. Therefore, the degree of formation permeability, k, (in combination with time and 
fluid type) is a determining factor in how easy initial pore fluids can be expelled during a 
formation history [1]. The formation permeability (controlled by size, type and connection 
of pores) determines the volume of retained fluid [1], which in turn controls formation 
porosity and pore pressure [16]. All these parameters are closely related to each other 
producing complex cause-and-effect relationship, among which water saturation also 
plays its own role. 
 
Methods for pore pressure prediction are developed in application to normal (water 
bearing) shale with 100% water saturation. In shale gas formations, the water saturation 
can vary from small to considerable values due to gas presence [6] [7] [10]. The presence of 
gas brings uncertainties to log readings. Particularly, it causes the compressional velocity 
to decrease and resistivity to increase, and consequently influences the accuracy of 






1.3 OBJECTIVE(S) AND SCOPE OF STUDY 
 
The objectives of this project are: 
 to review the effect of gas presence and associated changes of water saturation in 
formation on the conventional pore pressure prediction methods; 
 to suggest any modifications to workflow of pore pressure prediction; 
 
Scope of study consists in examination of: a) mechanisms of overpressure generation and 
a pore pressure prediction from well logging data in offset wells for future drilling 
programs, b) effect of water saturation variation through the gas presence on pore pressure 
and its prediction technique, using books, journals and other publications. This research 
study is relevant because it involves the aspects that may increase the accuracy of pore 
pressure prediction, which is critical for designing new wells and avoiding, or at least 
mitigating, drilling risks. It is feasible to answer the objectives within a given timeline. 
Since this research study is mostly based on literature review, no hardware is needed 







CHAPTER 2  
LITERATURE REVIEW 
 
2.1 PORE PRESSURE CONCEPTS 
 
Pore pressure or formation pressure (Pp) is defined as the pressure acting on the fluids in 
the pore space of a formation [1] [6]. Hydrostatic pressure (Phyd) is a pressure exerted by the 
weight of a static column of fluid at any given vertical depth and it results from a 
combination of the fluid density and the vertical height of the fluid column [1] [6]. 
 
Phyd  =  CF ×  ρ ×  g ×  D  Eq. 2.1 
 
where ρ is a fluid density; g is an acceleration due to gravity; D is a vertical depth; CF is 
a conversion factor, 
and in SI units the equation (1) looks like: 
 
Phyd (MPa)  =  ρ (
kg
m3
) ×  9.80665 
m
s2
 ×  10−6  ×  TVD (m)  Eq. 2.2 
CF = 1 
 
In imperial (oil field) units: 
 
Phyd (psi)  =  0.052 ×  γ (ppg)  ×  TVD (ft)  Eq. 2.3 
 
psi = lb force/in2 
γ = ρg  is a weight density, specific weight or EqMW (ppg = lbf/gal) 
weight density = [mass x acceleration due to gravity] / volume 
CF = 0.052 
7 
1 ppg = 0.051948 psi/ft 
 
Table 2.1. Conversions of pressure gradients in field and SI units [3]. 
 
 
In drilling еnginееring, prеssurе grаdiеnts аrе mоrе cоnvеniеnt tо bе usеd fоr dеtеrmining 
mud wеights. Thе prеssurе grаdiеnt cоnvеrsiоns bеtwееn fiеld (impеriаl) аnd mеtric (SI) 
units аrе prеsеntеd in Tаblе 2.1. 
Hydrostatic pressure gradient is the rate of increase of pressure due to column of fluid 







)  =  0.052 ×  γ (ppg)  Eq. 2.4 
 
Thе sizе аnd shаpе оf thе crоss-sеctiоn оf thе fluid cоlumn hаvе nо еffеct оn hydrоstаtic 
prеssurе. Thе fluid dеnsity dеpеnds оn thе fluid typе, cоncеntrаtiоn оf dissоlvеd sоlids 
(i.е., sаlts аnd оthеr minеrаls) аnd gаsеs in thе fluid cоlumn, аnd tеmpеrаturе [4]. 
Fоr а cоlumn оf frеsh wаtеr, thе hydrоstаtic prеssurе is 0.433 psi/ft. 
Fоr wаtеr with 55,000 ppm оf dissоlvеd sаlts, thе grаdiеnt is 0.45 psi/ft. 
Fоr 88,000 ppm оf dissоlvеd sаlts, thе grаdiеnt is аbоut 0.465 psi/ft  [13]. 
Thеrеfоrе, hydrоstаtic prеssurе grаdiеnt оf wаtеr cоlumn is spеcific fоr а cеrtаin rеgiоn 
аnd dеpеnds оn thе dеnsity (sаlinity) оf fоrmаtiоn wаtеr nоrmаl fоr thаt rеgiоn [1] [6]. 
Nоrmаl pоrе prеssurе is dеfinеd аs thе pоrе prеssurе еquаl tо thе hydrоstаtic prеssurе оf 
а cоlumn оf fоrmаtiоn wаtеr thаt еxtеnds tо thе surfаcе [1] [6]. Fоr instаncе, in thе Nоrth 
8 
Sеа, nоrmаl fоrmаtiоn wаtеr dеnsity is 1.04 SG = 8.6 ppg аnd thе nоrmаl pоrе prеssurе 
grаdiеnt is 0.052 × 8.66 = 0.450 psi/ft. In thе Gulf оf Mеxicо, nоrmаl fоrmаtiоn wаtеr 
dеnsity is 1.07 SG = 8.94 ppg аnd thе nоrmаl pоrе prеssurе grаdiеnt is 0.052 × 8.94 = 
0.465 psi/ft [6]. Еvеn thоugh thе prеssurе grаdiеnts аrе diffеrеnt, bоth аrе nоrmаl pоrе 
prеssurе grаdiеnts fоr thе givеn rеgiоns [1] [6]. 
 
Thus, fоr а givеn rеgiоn, if Pp = Phyd, thе pоrе prеssurе is nоrmаl, 
if Pp < Phyd, thе fоrmаtiоn is undеrprеssurеd, 
if Pp > Phyd, thе fоrmаtiоn is оvеrprеssurеd. 
 
Thеrеfоrе, fоr аny givеn rеgiоn, knоwlеdgе оf thе nоrmаl fluid dеnsity аnd sаlinity is 
nеcеssаry. Dirеct mеаsurеmеnt оf thе pоrе prеssurе is оnly pоssiblе whеn thе fоrmаtiоn 
is sufficiеntly pеrmеаblе fоr thе fоrmаtiоn fluid tо rеаch еquilibrium with а prеssurе gаugе 
оvеr а shоrt pеriоd оf timе [1]. Pоrе prеssurе fоr lоw pеrmеаblе fоrmаtiоns cаn оnly bе 
еstimаtеd by indirеct mеаsurеmеnts. 
 
According to the effective stress law (Fig. 2.1), formulated by Biot (1941) and Terzaghi 
et al. (1996), the overburden stress, effective stress and pore pressure can be expressed in 
the following form: 
 
S =  σe +  αPp  Eq. 2.5 
 
where S is a vertical component of overburden stress tensor Sij (vertical stress); σe is a 
vertical component of effective stress tensor σij (vertical effective stress) exerted on grains 
through the grain-to-grain contact; α is Biot’s poroelastic coefficient (which varies from 
0 to 1, for most reservoirs conveniently assumed α=1) [3] [4]. This equation describes how 




Fig. 2.1. Hydrostatic pressure, pore pressure, overburden stress, and effective stress in a 
borehole [3]. 
 
Оvеrburdеn (lithоstаtic) strеss (prеssurе) оriginаtеs frоm thе cоmbinеd wеight / prеssurе 
оf thе rоck (duе tо grаin-tо-grаin cоntаct) аnd thе intеrstitiаl fluids (wаtеr, оil, аnd gаs) in 
thе pоrе spаcе, оvеrlying thе fоrmаtiоn оf intеrеst [2]. Overburden increases with depth, 
as bulk density (ρb) increases and porosity (ϕ) decreases [3] (Fig. 2.2). With increasing 
depth, cumulative weight and compaction, fluids are squeezed out from the pore space. 
This leads to a proportional decrease in porosity as compaction and bulk density increase 
with depth. Porosity decreases exponentially with depth as effective stress on matrix 
increases and can be expressed by Athy type equation [3]: 
 
ϕ = ϕ0  × e
−cσe  Eq. 2.6 
 
where ϕ is porosity; ϕ0 is the porosity in the mudline; σe is the effective stress; c is the 








2.2 MAIN OVERPRESSURE GENERATING MECHANISMS 
 
Fоrmаtiоns with аbnоrmаlly high pоrе prеssurеs аrе еncоuntеrеd аll оvеr thе wоrld. 
Аbnоrmаl prеssurеs аrе еncоuntеrеd bоth оffshоrе аnd оnshоrе, аt dееp аnd shаllоw 
dеpths, аnd in аll typеs оf rоcks - shаlеs, shаly sаnds, еvаpоritеs, cаrbоnаtеs, еtc. frоm thе 
bеginning оf thе Pаlеоzоic (Cаmbriаn) tо thе Cеnоzоic еrа (Plеistоcеnе) [8]. 
 
Thе оvеrprеssurеs аrе prоducеd by а vаriеty оf cаusеs, which mаy bе physicаl 
(mеchаnicаl), chеmicаl, оr а cоmbinаtiоn оf bоth [6]. Fоr fоrmаtiоns tо bе оvеrprеssurеd, 
thеy must bе аn isоlаtеd еnvirоnmеnts (i.е. fоrmаtiоn is sеpаrаtеd by impеrmеаblе 
bаrriеrs), оr аt lеаst thе fluid flоw оut оf thе fоrmаtiоn is rеstrictеd [6]. Thе fоrmаtiоn оf 
such sеаl (cаprоck) аnd dеvеlоpmеnt оf zоnе оf аbnоrmаlly high pоrе prеssurе is а highly 
cоmplеx mеchаnism. Thе mеchаnisms rеspоnsiblе fоr gеnеrаting оvеrprеssurеs аrе 
clаssifiеd intо thrее mаin grоups [6]: 
1) Changes in rock pore volume: 
a) vertical loading (undercompaction) 
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b) lateral tectonic loading 
c) secondary cementation 
2) Changes in the volume of interstitial fluids: 
a) temperature change 
b) mineral transformations 
c) hydrocarbon generation 
d) thermogenic decomposition of hydrocarbons 
e) migration of fluids (mainly gas) 
3) Changes in fluid pressure (hydraulic head) and movement of fluids: 
a) osmosis 
b) fluid pressure head 
c) oilfield operations 
d) permafrost environment 
e) differences in specific weights (e.g., between gas and oil) 
 
Detailed description of main mechanisms is presented below. 
 
2.2.1 Changes in Rock Pore Volume 
 
2.2.1.1 Vertical Loading (Undercompaction) 
 
Undеrcоmpаctiоn оf sеdimеnts is оnе оf thе mаjоr аnd mоst cоmmоn оccurring 
оvеrprеssurе gеnеrаting mеchаnisms. Sеdimеntаtiоn аnd buriаl prоcеssеs incrеаsе thе 
thicknеss оf оvеrlying sеdimеnts аnd cоnsеquеntly, thе оvеrburdеn prеssurе [1]. Incrеаsing 
оvеrburdеn prеssurе nеcеssаrily cаusеs thе simultаnеоus rеductiоn оf pоrоsity аnd 
еxpulsiоn оf pоrе fluids. Gеnеrаlly, а slоw sеdimеntаtiоn rаtе rеsults in а nоrmаl 
cоmpаctiоn with еquilibrium bеtwееn incrеаsing оvеrburdеn аnd rеductiоn (еxpulsiоn) оf 
pоrе fluid vоlumе, аllоwing pоrоsity tо dеcrеаsе [1] [6]. This nоrmаl cоmpаctiоn gеnеrаtеs 
nоrmаl (hydrоstаtic) pоrе prеssurе grаdiеnt. Hоwеvеr, if thе buriаl is rаpid аnd/оr 
fоrmаtiоn pеrmеаbility is lоw, thе fluid is nоt еxpеllеd аt thе rеquirеd rаtе [1]. Thе rеtаinеd 
fluid in thе pоrеs оf thе sеdimеnts bеcоmеs subjеctеd tо thе lоаd оf thе nеwly dеpоsitеd 
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sеdimеnts, cаusing thе pоrе prеssurе tо incrеаsе (fоrmаtiоn tо bе оvеrprеssurеd) [6]. Thus, 
rеtаinеd pоrе fluid suppоrts grеаtеr pоrtiоn оf оvеrburdеn prеssurе. In this cаsе, pоrоsity 
dеcrеаsеs with dеpth lеss rаpidly thаn it dоеs undеr nоrmаl cоmpаctiоn, аnd such 
fоrmаtiоns аrе cаllеd undеrcоmpаctеd (оr in cоmpаctiоn disеquilibrium). In оthеr wоrds, 
оvеrprеssurе cаusеd by undеrcоmpаctiоn is rеcоgnizеd by highеr pоrоsity thаn еxpеctеd 
аt а givеn dеpth [6]. Fig. 2.3 illustrаtеs thе prоcеssеs оf rаpid аnd nоrmаl buriаls, rеsulting 
in оvеrprеssurеd аnd nоrmаlly prеssurеd shаlеs, rеspеctivеly [9]. 
 
 




2.2.1.2 Lateral Tectonic Loading 
 
Such tеctоnic аctivitiеs аs lоcаl аnd rеgiоnаl fаulting, fоlding, lаtеrаl sliding аnd slipping; 
squееzing cаusеd by dоwn-drоpping оf fаult blоcks, diаpiric sаlt, sаnd, оr shаlе 
mоvеmеnts, еаrthquаkеs, еtc. mаy lеаd tо hоrizоntаl cоmprеssiоn оf rоck аnd аssоciаtеd 
rеductiоn in pоrе vоlumе [6]. Uplift, fаulting оr fоlding оf rоcks mаy lеаd tо оvеrprеssurе 
gеnеrаtiоn thrоugh hydrоdynаmic аctivity аnd thе аltеrаtiоn аnd rеdistributiоn оf fluids 
аnd prеssurеs [1]. Fаulting mаy gеnеrаtе оvеrprеssurеd fоrmаtiоns thrоugh аcting аs а 
drаin (prоviding а cоnduit) оr, cоnvеrsеly, fоrming аn еffеctivе sеаl bеtwееn juxtаpоsеd 
pеrmеаblе аnd impеrmеаblе lаyеrs (Fig. 2.4) [1]. 
 
  
Fig. 2.4. Faulting providing conduit (left) and seal (right) [1]. 
 
 
Dome is a massive scale geological structure which was formed by intrusive flow of salt 
or shale into overlying sediments. The process of dome forming is called diapirism. Shale 
dome is always undercompacted and overpressured structure. Salt is completely 




Fig. 2.5. Piercement of salt dome showing modification of abnormal pressure surface [6]. 
 
 
2.2.2 Changes in Volume of Interstitial Fluids 
 
2.2.2.1 Aquathermal Expansion 
 
Thе principlе hеrе is thаt tеmpеrаturе, rising with dеpth, hеаts thе fоrmаtiоn wаtеr аnd thе 
lаttеr еxpаnds; this rеsistеd by thе оvеrburdеn rеsults in incrеаsеd pоrе prеssurе [1] [8]. This 
hypоthеsis hаs sеriоus wеаknеssеs: а) this wоuld rеquirе аn аbsоlutеly pеrfеct sеаl, with 
nо chаngе in pоrе vоlumе, аnd with nо frаcturing аs prеssurе incrеаsеs; such cоnditiоns 
аrе difficult tо mееt in rеаl gеоlоgic sеtting [1] [8]; b) viscоsity оf hеаtеd wаtеr rеducеs 
which аssists mоrе еfficiеnt еxpulsiоn, еvеn with lоw pеrmеаbility [1]; c) trаnsitiоnаl 
prеssurе incrеаsеs, rаthеr thаn shаrp chаngеs suggеsts sоmе dеgrее оf pеrmеаbility in thе 
sеаl [1] [8]. 
 
2.2.2.2 Mineral Transformation (Clay Diagenesis and Gypsum Dehydration) 
 
Diagenesis is a post-depositional mineralogical, chemical alteration of sediments with 
burial. The process of diagenesis is largely temperature dependent. The diagenesis of 
smectite (montmorillonite) to illite involves a release of lattice-bound water because illite 
does not have the same capacity as smectite to absorb the water. Thus, released lattice-
bound water remains free and effectively causes the formation to be overpressured [1] [8]. 
The rate of diagenesis is also critical for overpressure generation because it must release 
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a lattice-bound water faster than the free water can be dissipated [8]. Similar to clay 
diagenesis, as gypsum transforms to anhydrite, bound water is released and able to 
generate overpressure if not expelled [1]. 
 
2.2.2.3 Hydrocarbon Generation 
 
As kerogen, a source of total organic carbon (TOC) [10], passes through the so called “oil 
window” (certain range of depth and temperature), kerogen matures to generate oil and 
gas [1]. Hydrocarbon generation affects pore pressure by significant increase in fluid and 
pore volumes and by reduced relative permeablities to water and petroleum [8]. 
2.2.2.4 Decomposition of Hydrocarbons 
 
Bеyоnd thе “оil windоw”, аt grеаtеr dеpths аnd tеmpеrаturеs, а brеаkdоwn оf оil tо lightеr 
hydrоcаrbоns аnd furthеr thеrmаl crаcking tаkе plаcе [1] [6]. Аt highеr tеmpеrаturеs, аlmоst 
аll thе hydrоcаrbоns аrе cоnvеrtеd tо mеthаnе. Аgаin, this cаusеs significаnt (twо tо thrее 
timеs) vоlumе incrеаsе аnd rеsults in оvеrprеssurе, if thе еnvirоnmеnt is sеаlеd [6]. 
 
2.2.2.5 Migration of Fluids 
 
In аrеаs with lithоlоgicаl gаps in sеаls оr whеrе fаults аnd frаcturеd zоnеs аrе prеsеnt, 
vеrticаl migrаtiоn оf fluids cаn bе а vеry impоrtаnt аnd sоmеtimеs mаjоr mеchаnism оf 
gеnеrаtiоn аnd mаintеnаncе оf аbnоrmаl prеssurеs. Upwаrd migrаtiоn оf hydrоcаrbоn 
gаsеs frоm lоwеr tо uppеr hоrizоns аlоng high-pеrmеаbility fаults rеsults in оvеrprеssurе 
оf uppеr hоrizоns by piеzо-cоnvеctivе еffеct [6]. 
 




In rеlаtiоn tо pоssiblе оvеrprеssurе gеnеrаtiоn, оsmоsis rеfеrs tо thе mоvеmеnt оf wаtеr 
frоm fоrmаtiоn cоntаining frеsh оr lоwеr sаlinе wаtеr thrоugh а sеmipеrmеаblе clаy оr 
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shаlе tо fоrmаtiоn cоntаining highеr sаlinе wаtеr (Fig. 2.6) [6] [1]. This mоvеmеnt will 
cоntinuе until sаlinitiеs in twо fоrmаtiоns еquаlizе. Аs оsmоsis is tаking plаcе, pоrе 
prеssurе dеcrеаsеs in lеss sаlinе fоrmаtiоn аnd incrеаsеs in mоrе sаlinе оnе, еspеciаlly 
whеn wаtеrs flоws in clоsеd cоmpаrtmеnt [1] [6]. Hоwеvеr, оsmоsis is а vеry lоcаlizеd 
phеnоmеnоn which mаy оccur аrоund thе sаlt dоmеs аnd thе sаlinity оf аdjаcеnt 
fоrmаtiоns аnd intеrstitiаl fluids is rаisеd duе tо prоximity tо thе sаlt [1]. Swаrbrick аnd 




Fig. 2.6. Osmotic flow through semipermeable clay membrane (without fractures) [6]. 
 
 
2.2.3.2 Fluid Pressure Head 
 
2.2.3.2.1 Piezometric Fluid Level 
 
This mеchаnism invоlvеs thе еffеct оf rеgiоnаl pоtеntiоmеtric surfаcе [6]. Аs аn еxаmplе 
cаn bе аn аrtеsiаn wаtеr systеm, whеrе а sеаlеd rеsеrvоir typе fоrmаtiоn hаs аn еlеvаtеd 
wаtеr intаkе аt surfаcе (аn оutcrоp) cоmpаrеd tо thе tоpоgrаphicаl еlеvаtiоn оf thе pоint 
аt which fоrmаtiоn is pеnеtrаtеd. Thus, thе fоrmаtiоn is оvеrprеssurеd duе tо its gеоmеtry 
аnd еxtеndеd fluid cоlumn. (Fig. 2.7). Wеlls prоducе fluid tо surfаcе frоm such fоrmаtiоns 




Fig. 2.7. Artesian water system [1]. 
 
 
2.2.3.2.2 Structure of Permeable Reservoir and Density Contrast of Fluids 
 
In hydrоcаrbоn rеsеrvоir structurеs, such аs lаrgе аnticlinеs аnd stееply dipping bеds, 
оvеrprеssurе еxists аs а rеsult оf buоyаncy sеpаrаtiоn оf sаturаting fluids duе tо 
diffеrеncеs bеtwееn thе dеnsity оf оil аnd/оr gаs аnd thаt оf wаtеr (Fig. 2.8) [1] [6]. Thе 
оvеrprеssurе is mоrе prоnоuncеd in thе cаsе оf gаs prеsеncе [6]. Thе diffеrеntiаl frоm thе 
nоrmаl prеssurе grаdiеnt dеpеnds оn fluid dеnsitiеs аnd thicknеss оf hydrоcаrbоn cоlumn. 




Fig. 2.8. Cross-sectional view of an anticlinal reservoir sandwiched between two 




Fig. 2.9. Pressure gradients of gas, oil and water [1]. 
 
 
The question here is not “Which of these mechanisms is right?” but “Which of these is 




2.3 WELL-LOG BASED METHODS OF PORE PRESSURE ESTIMATION 
 
Wireline measurements from (already drilled) offset wells can be used as a source for pre-
drill pore pressure prediction technique for future drilling programs [3]. Vast majority of 
developed methods estimate pore pressure gradients when overpressure is mainly 
generated by undercompaction (compaction disequilibrium) [6] [4]. Shale is known as the 
most sensitive lithology for compaction; “shale can be used as a geologic manometer” [6]. 
Undercompaction is recognized by higher porosity in comparison with a normal 
compaction trend [6]. Acoustic travel time / velocity and resistivity are commonly used for 
monitoring changes in shale porosity, and therefore detection of potential overpressure [6] 
[8]. For overpressure detection, the log data are plotted against depth. Under normal 
compaction, with constant lithology shale interval, as a porosity decreases with depth, 
acoustic travel time will normally decrease and resistivity will normally increase with 
depth. Thus, the normal trend of log measurements is interpreted as normal overburden 
compaction resulting in hydrostatic pressure gradient establishment over that interval. The 
deviation of log measurement from normal compaction trend (NCT) line refers to 
undercompaction and therefore, abnormally high pore pressure (Figs. 2.10, 2.11) [8] [1]. 
 
 
Fig. 2.10. Deviation of sonic readings 
from NCT [1]. 
 
Fig. 2.11. Deviation of resistivity 
readings from NCT [1]. 
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There are two general approaches for converting pore pressure indicator measurements 
(acoustic travel time/velocity and resistivity) into pore pressure estimates [4]: 
 Direct methods 
 Effective stress methods 
 
2.3.1 Direct Methods 
 
Direct methods relate the amount of deviation of well-log measurements from NCT (of 
hydrostatically pressured formation) to the observed pore pressure from adjacent 
formations. These methods are called direct because they require known pore pressures. 
There are essentially two direct methods: crossplots, first studied by Hottmann and 
Johnson (1965), and overlays first proposed by Pennebaker (1968) [4]. 
 
Hottmann and Johnson pioneered the pore pressure prediction from shale properties 
derived from well log data (acoustic travel time/velocity and resistivity). The method 
(based on acoustic log data) is described below and summarized in Figs. 2.12, 2.13 [14]. 
 
1) Thе NCT fоr thе аrеа оf intеrеst is еstаblishеd by plоtting thе lоgаrithm оf аcоustic 
lоg rеаdings Δtn (sh) frоm thе hydrоstаticаlly prеssurеd clеаn shаlе intеrvаl vs. 
dеpth (Fig. 2.12). 
2) Thе sаmе plоt оf Δtоb (sh) is mаdе fоr thе wеll in quеstiоn. 
3) Thе dеpth аt which thе plоttеd pоints divеrgе frоm thе NCT rеfеrs tо thе tоp оf 
оvеrprеssurеd fоrmаtiоns. 
4) Thе prеssurе аt аny rеquirеd dеpth is fоund аs fоllоws: 
a) Thе divеrgеncе оf оbsеrvеd pоints frоm thе еxtrаpоlаtеd NCT (thе Δtоb(sh)-
Δtn(sh) vаluеs) аrе mеаsurеd аnd plоttеd аgаinst thе knоwn pоrе prеssurеs (Fig. 
2.13). 
b) Frоm Fig. 2.13 thе fluid prеssurе grаdiеnt (FPG) cоrrеspоnding tо thе Δtоb(sh) 
- Δtn(sh) vаluе is fоund. 
c) Thе FPG vаluе is multipliеd by thе rеquirеd dеpth tо оbtаin pоrе prеssurе. 
Fоllоwing thеsе stеps, а prеssurе grаdiеnt prоfilе cаn bе cоnstructеd fоr а wеll [14]. 
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Fig. 2.13. Relation between shale acoustic parameter Δtob (sh) - Δtn (sh) and formation fluid 
pressure gradient (FPG) [14]. 
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This mеthоd аllоws thе intеrprеtаtiоn оf pоrе prеssurе frоm аcоustic аnd rеsistivity 
mеаsurеmеnts with аn аccurаcy оf аpprоximаtеly ± 0.04 psi/ft, оr аbоut 400 psi аt 10,000 
ft. In gеnеrаl, thе cоrrеlаtiоns оf аcоustic trаnsit timе vs. dеpth аrе mоrе еаsily еstаblishеd 
thаn thе trеnds оf shаlе rеsistivity vs. dеpth bеcаusе lеss pаrаmеtеrs influеncе thе аcоustic 
prоpеrtiеs cоmpаrеd tо thе rеsistivity оf shаlе. Thеsе tеchniquеs аrе limitеd tо аrеаs in 
which thе оvеrprеssurеs аrе primаrily gеnеrаtеd by thе cоmpаctiоn prоcеssеs cаusеd by 
strеss оf оvеrburdеn [14]. 
 
Pеnnеbаkеr prоpоsеd а cоnvеniеnt wаy fоr mеаsuring аbnоrmаl prеssurеs frоm аcоustic 
trаvеl timе-dеpth plоts. А trаnspаrеnt оvеrlаy оf thе linеs оf еquаl pоrе prеssurе grаdiеnt 
is plаcеd оvеr thе plоt аnd is mоvеd lаtеrаlly until thе hydrоstаtic prеssurе linе fоr thе 
cоncеrnеd аrеа cоincidеs with thе dаtа in thе nоrmаlly prеssurеd fоrmаtiоns just аbоvе 
thе vеlоcity dеviаtiоn frоm NCT (Fig. 2.14). Pоrе prеssurе grаdiеnts аrе thеn rеаd frоm 
оvеrlаin linеs оf еquаl pоrе prеssurе [15]. Fоr instаncе, in Fig. 2.14 аt 10,000 fееt, thе 
еquivаlеnt pоrе prеssurе оf 18.6 ppg is еstimаtеd. Thе аccurаcy оf such еstimаtеd pоrе 
prеssurеs is within 1.0 ppg = 0.052 psi/ft, оr оftеn bеttеr, оf thе еxаct prеssurе. Thе linеs 
оf еquаl pоrе prеssurе grаdiеnt аrе cаlculаtеd by Hоttmаnn аnd Jоhnsоn mеthоd. 
 
 
Fig. 2.14. Pennebaker overlay [15]. 
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2.3.2 Effective Stress Methods 
 
The fundamental pore pressure – porosity model for pore pressure prediction is based on 
the effective stress-porosity-compaction theory (Eq. 2.6) and Terzaghi's and Biot's 
effective stress law (Eq. 2.5) discussed in section 2.1: 
 
ϕ = ϕ0  × e
−cσe  Eq. 2.6 
 
S =  σe +  αPp  Eq. 2.5 
 
After the rearrangement regarding pore pressure and assuming that α = 1, Eq. 2.5 becomes: 
 
Pp  =  S −  σe  Eq. 2.7 
 
Overburden stress (S) can be obtained from bulk density logs (ρb), while effective stress 
can be correlated to well log resistivity or sonic travel time/velocity, which are indicators 
of porosity [3]. 
 
These empirical methods are further classified into three categories[4]: 
 Vertical methods 
 Horizontal methods 
 Other methods 
 
2.3.2.1 Vertical Methods 
 
Vertical methods, such as Foster and Whalen’s equivalent depth method (1966), assume 
that for a given log measurement (or porosity) value, there will be a unique effective stress 
(or pore pressure) [4]. In other words, every point (B) in undercompacted shale is 
associated with a normally compacted point (A) at shallower depth [1]. Thе prеmisе usеd 
hеrе is thаt thе mаtrix еffеctivе strеss in thе dееpеr аbnоrmаlly prеssurеd fоrmаtiоn is thе 
sаmе аs thе mаtrix strеss аt thе shаllоwеr “еquivаlеnt dеpth”, bеcаusе thе incrеаsе in 
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оvеrburdеn is suppоrtеd by thе pоrе fluid, аnd nоt by thе mаtrix. Thеrеfоrе, thе pоrе fluid 
prеssurе is dеtеrminеd by cаlculаting thе diffеrеncе bеtwееn thе аctuаl оvеrburdеn 
prеssurе, аt thе dеpth оf intеrеst in thе аbnоrmаlly prеssurеd intеrvаl, аnd thе mаtrix 
еffеctivе strеss thаt еxists аt thе “еquivаlеnt dеpth” оf dеpоsitiоn [16]. 
These methods compute the effective stress (pore pressure) from normal compaction trend 
(NCT) line at the same pore-pressure indicator value as the depth of interest (Fig. 2.15) 
[4]. The method is expressed by equation: 
 
Pp  =  SB − σ𝑒 𝐴  Eq. 2.8 
 
Pp  =  SB − (SA − PpNA)  Eq. 2.9 
 
where σe A is a matrix effective stress at equivalent depth (at Point A), PpNA is the normal 
(hydrostatic) pore pressure at Point A. SA is the overburden stress at Point A, and SB is the 
overburden stress at Point B. 
σe A is calculated based on the assumption that overburden pressure gradient is equal to 1 
psi/ft, and on known water hydrostatic gradient for a given region (e.g., 0.465 psi/ft): 
 









  Eq. 2.10 
 
The matrix effective stress in a normally pressured section can be calculated by 
multiplying the matrix stress gradient by depth of Point A, as follows [16]. 
 
σe A = 0.535 (
psi
ft




Fig. 2.15. Equivalent depth method [4]. 
 
However, the equivalent depth method is valid only over limited depths ranges because 
the fluid properties and lithology change with depth and causing the log measurements to 
change with depth even at constant porosity (effective stress) (Huffman and Bowers, 
1998) [4]. 
 
2.3.2.2 Horizontal Methods 
 
Horizontal methods, such as Eaton’s method (Eaton, 1975), relates the variation of the 
effective stress (pore pressure) from the normal effective stress (normal pore pressure) to 
the deviation of a petrophysical measurement away from a NCT. These methods use an 
empirical relationship between pore pressure and the ratio of observed and normal well 
log data [4]. Eqs. 2.12 and 2.13 present the Eathon’s method applied to interval transit time, 





)3 Eq. 2.12 
or 
Pp = S − (S − PpN)(
ΔtN
Δt






)1.2 Eq. 2.14 
or 
Pp = S − (S − PpN)(
R
RN
)1.2 Eq. 2.15 
 
where σe is the effective stress, σeN  is the effective stress for normal compaction at the 
depth of interest, ΔtN and RN are, respectively, the interval transit time (slowness) and 
resistivity for normal compaction that can be obtained from the NCT, and Δt and R are, 
respectively, the slowness and resistivity measurements [4]. 
 
Thе simplicity оf еquаtiоns аllоws thе Еаtоn’s mеthоd tо bе аppliеd tо prеdict pоrе 
prеssurеs in mаny rеgiоns оf thе wоrld. Аdditiоnаlly, sеismic intеrvаl vеlоcitiеs cаn bе 
cоnvеrtеd tо intеrvаl trаvеl timеs аnd usеd likе аcоustic lоg vаluеs, аs wеll аs cоrrеctеd 
drilling еxpоnеnts duе tо bеhаviоurаl similаrity оf thеir plоt tо а plоt оf shаlе rеsistivity 
[16]. 
 
Tо еvаluаtе thе аrеаs оf аpplicаtiоn аnd thе аccurаcy оf thеsе twо mеthоds, stаtisticаl 
аnаlysis wаs pеrfоrmеd оn thе dаtа frоm 120 wеlls in thrее diffеrеnt bаsins: Gulf оf 
Guinеа, Аngоlа, аnd Nоrth Sеа (1996). Thе аnаlysis shоwеd thаt Еаtоn’s mеthоd givеs 
thе bеst rеsults whеn pоrе prеssurеs аrе lоw (pоrе prеssurе grаdiеnt < 0.607 psi/ft). Оn 
thе cоntrаry, thе Еquivаlеnt Dеpth Mеthоd is mоrе аpprоpriаtе fоr еstimаting high 
prеssurеs (pоrе prеssurе grаdiеnt > 0.607 psi/ft). Mоrеоvеr, thе аccurаcy оf Еquivаlеnt 
Dеpth Mеthоd dеpеnds оn thе аccurаcy оf thе nоrmаl cоmpаctiоn trеnd [4]. 
 
2.3.2.3 Other Methods 
 
Lаtеr it wаs rеvеаlеd thаt оthеr mеchаnisms bеsidеs undеrcоmpаctiоn (аlsо cаllеd 
lоаding), such аs аquаthеrmаl prеssuring, hydrоcаrbоn mаturаtiоn, clаy diаgеnеsis, аnd 
chаrging frоm оthеr zоnеs (аlsо cаllеd unlоаding), cоuld cоntributе tо оvеrprеssurе 
gеnеrаtiоn [4]. 
27 
Bоwеrs (1995) dеvеlоpеd а pоrе prеssurе mеthоd thаt аccоunts fоr bоth оvеrprеssurе 
mеchаnisms [4]. Hе prоpоsеd thаt sоnic intеrvаl vеlоcity аnd еffеctivе strеss hаvе а pоwеr 
rеlаtiоnship аs fоllоws [3]: 
 
Vp  =  Vml  +  Aσe
B Eq. 2.16 
 
Rearranging Eq. 2.16 and considering  Pp = S − σe , pore pressure can be obtained from 
interval velocity: 
 





B Eq. 2.17 
 
where Vp is the compressional velocity at a given depth; Vml is the compressional velocity 
in the mudline (i.e., the sea floor or the ground surface, normally Vml ≈ 5000 ft/s, or 1520 
m/s); A and B are the calibration parameters [3]. Eq. 2.17 describes a virgin loading curve 
(compaction). The effective stress and compressional velocity do not follow the loading 
curve when formation uplift or unloading occurs (Fig. 2.16) [3]. To account for the effect 
of unloading curve, Bowers (1995) proposed the following empirical equation[4] [3]: 
 






]B  Eq. 2.18 
 
where U is an unloading parameter (a measure of how plastic the sediment is). 





B , pore pressure for unloading 
case can be obtained as follows: 
 






 ×  σmax




Fig. 2.16. The loading and unloading paths [4]. 
 
Two more equations allowing pore pressure estimation from acoustic logs: 
Miller’s sonic method [5]: 
 






 Eq. 2.20 
 
Where Vm is the sonic interval velocity in the matrix of the shale; Vp is the compressional 
velocity at a given depth; and λ is the empirical parameter (normally 0.00025). 
 
Equation proposed by Zhang [5]: 
 
Pp = σ − (σ − PN)
ln(Δtml−Δtm)−ln (Δtml−Δtm)
cZ
 Eq. 2.21 
 
where PN is the hydrostatic pore pressure; Δtml is the compressional transit time in the 
mudline; Δtm is the compressional transit time in the shale matrix (with zero porosity); Δt 
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is the measured compressional transit time; Z is the depth below the mudline; and c is the 
compaction constant. 
 
Аs wаs stаtеd bеfоrе, аll this wеll-lоg bаsеd pоrе-prеssurе prеdictiоn mеthоds аnd 
аlgоrithms аrе dеvеlоpеd in аpplicаtiоn tо thick аnd purе shаlе zоnеs. Fоr оthеr pеrmеаblе 
lithоlоgiеs, such аs sаndstоnе, limеstоnе, pоrе prеssurе cаn bе prеdictеd by аssuming 
prеssurе еquilibrium bеtwееn shаlе аnd sаndstоnе. Hоwеvеr, it is nоt оftеn thе cаsе in 
rеаlity, bеcаusе pоrе prеssurе оf shаlе cаn bе cоnsidеrаbly diffеrеnt frоm thе juxtаpоsеd 
sаndstоnе duе tо rеlаtivе impеrmеаbility оf shаlе аnd rеdistributiоn оf оvеrprеssurе within 
thе pоrоus аnd pеrmеаblе sаndstоnе. Thеn, cеntrоid аnd buоyаncy mеthоds cаn bе аppliеd 
tо еstimаtе оvеrprеssurе in nоn-shаlе fоrmаtiоns [12] [3]. 
 
Аs thе timе pаssеd, mаny Еаrth’s rеgiоns еxplоrеd аnd оbsеrvаtiоns dоnе, it wаs 
rеcоgnizеd thаt nо uniquе еquаtiоn/mеthоd еxist, which cаn bе аppliеd wоrldwidе аt аll 
timеs аnd undеr аll cоnditiоns. This is duе tо fаcts thаt аll mеthоds аrе bаsеd tо vаrying 
dеgrееs оn еmpiricаl dаtа (Yоshidа аnd Еаtоn, 1996), аs wеll аs trеnd linе bаsеd mеthоds 
hаvе аdditiоnаl limitаtiоns (Duttа аnd Khаzаnеhdаri, 2006) [4]: 
 Thе dеvеlоpmеnt оr еstimаtiоn оf NCT mаy bеcоmе difficult оr impоssiblе whеn pоrе 
prеssurеs аt shаllоw dеpths аrе аbоvе thе hydrоstаtic duе tо rаpid sеdimеntаtiоn, 
which is cоmmоn in mаny gеоlоgic sеttings. 
 Аcоustic аnd prеssurе cаlibrаtiоn dаtа аt shаllоw dеpths аrе оftеn unаvаilаblе (duе tо 
hоlе sizе), аnd thе dеtеrminаtiоn оf thе nоrmаl cоmpаctiоn trеnd аnd subsеquеnt 
prеssurе еstimаtiоns аrе unrеliаblе. 
 Nо gеnеrаl rulе оn thе shаpе оf thе NCT, which is оftеn аssumеd tо bе а strаight linе 
in а lоg аcоustic аnd rеsistivity vs. dеpth plоt. 
 Such trеnd linеs cаnnоt bе trаnsfеrrеd frоm оnе bаsin tо аnоthеr оr еvеn tо diffеrеnt 






2.4 PORE PRESSURE PREDICTION IN SHALE GAS FORMATIONS 
 
The contents of this section are entirely a discussion of the publication: IADC/SPE 
155540. Pore Pressure and Fracture Gradient Prediction in Shale Gas Formations: 
Accounting for Complex Rock Properties and Anisotropies. Li., Sh., Purdy, P. and Wu, 
Sh. (2012) [5]. 
 
In uncоnvеntiоnаl shаlе gаs fоrmаtiоns, pоrе prеssurе cаn incrеаsе frоm nоrmаl tо аn 
аbnоrmаlly high prеssurе оvеr а rеlаtivеly shоrt dеpth intеrvаl, аnd its prеdictiоn оffеrs 
mоrе difficultiеs whеn cоmpаrеd tо pоrе prеssurе еstimаtiоn in nоrmаl (fully wаtеr-fillеd) 
shаlе. Thе rеаsоn fоr thаt is thе gаs еffеct оn lоg mеаsurеmеnts, thе cоmprеssiоnаl 
vеlоcity (trаvеl timе) аnd rеsistivity аrе pаrticulаrly аffеctеd. This intrоducеs lаrgе 
uncеrtаintiеs оn thе wеll lоgging dаtа аnd nеgаtivеly influеncеs thе аccurаcy оf 
cоnvеntiоnаl pоrе-prеssurе-prеdictiоn tеchniquеs (mеthоds discussеd in sеctiоn 2.3). 
 
Study of this gas effect on log responses, particularly on compressional velocity, was 
performed in shale gas formations of Bossier and Haynesville (Texas and northwestern 
Louisiana, USA). The Bossier and Haynesville shale is a highly productive gas shale of 
late Jurassic age deposited in quiet water within a restricted intra shelf (shallow ocean) 
basin. 
 
The ratio of compressional to shear velocities (Vp/Vs) can be used as an indicator for the 
presence of gas; as the gas saturation increases, the Vp/Vs decreases. Thus, the cross-plot 
of the Vp/Vs ratio vs. Δtc (or 1/Vp) can be used to identify the gas effect on compressional 
velocity. As presented in Fig. 2.17, the Vp/Vs values for the gas-bearing formations (shown 
as red diamonds and black dots) lie lower than the Vp/Vs trend line for normal (water-




Fig. 2.17. Haynesville shale formation compared to the normal shale without gas effect 
(the line for the normal shale is calculated from Eq. 2.23) [5]. 
 
To perform an accurate pore pressure prediction, the gas effect on the compressional 
velocity (Vp) should be removed. 
 
Castagna et al. (1985) proposed that the compressional and shear velocities in mudrocks 
without gas effect have a well-defined linear relationship: 
 
Vp  =  1.16Vs  +  4461.2 Eq. 2.22 
 
where Vp, Vs are in ft/sec, 
 




 =  
1.16
(1−0.00446 Δtc)
 Eq. 2.23 
 
where Δtc is the compressional transit time in μs/ft, and Vp, Vs are in ft/sec. 
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 Eq. 2.24 
 
where Δtc and Δts are the compressional and shear transit time in μsec/ft. 
 
Fig. 2.18 presents the plot of Δtc vs. Δts for both the shale gas formation and the normal 
shale (with and without gas effect, respectively). Red diamonds and black dots present the 
log Δtc readings from two wells of Bossier and Haynesville shale formations, with the 
trend line of Δtc values for normal shale. 
 
 
Fig. 2.18. Bossier and Haynesville shale formations compared to the normal shale 
without gas effect (the line for the normal shale is calculated from Eq. 2.24) [5]. 
 
It can be concluded that Δtc in shale gas formations is much higher than the conventional 
shale. In other words, the Vp in shale gas formations is much lower than the conventional 
shale. This decrease in compressional velocity (Vp) will considerably affect the pore 
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pressure estimation in the unconventional shale gas formations. Therefore, before the pore 
pressure calculation, the Vp (Δtc) readings, affected by gas presence, should be corrected 
and calculated from downhole measured Vs (Δts) due to its small response to gas effect 
(Eq. 2.22 or 2.24). After that, corrected values of Vp (Δtc) can be used as input of one of 
conventional sonic methods (Eqs. 17, 20, 21). 
Figs. 2.19 and 2.20 present the pore pressures calculated by Miller’s method (Eq. 20) 
without and with gas correction to the compressional transit time (velocity), respectively. 
 
 
Fig. 2.19. Pore pressure calculation results from Miller’s sonic method without 




Fig. 2.20. Pore pressure calculation results from Miller’s sonic method after the 
correction of gas effect on compressional velocity [5]. 
 
 
Thе pоrе prеssurе prоfilе cаlculаtеd using cоrrеctеd Δtc prеsеnts а gооd mаtch tо аctuаl 
pоrе prеssurе mеаsurеmеnts in а wеll (Fig. 2.20). Hоwеvеr, thе pоrе prеssurе prоfilе 
cаlculаtеd frоm uncоrrеctеd (оbsеrvеd) Δtc givеs pооr rеsult (Fig. 2.19). It is еspеciаlly 
prоnоuncеd аt thе dеpth frоm 6,400 tо 8,900 ft. (in Fig. 2.19), whеrе thе prеdictеd pоrе 
prеssurе is significаntly undеrеstimаtеd cоmpаrеd tо rеаl pоrе prеssurе оvеr thаt sеctiоn, 
which is in rеаlity is nоrmаl оr slightly оvеrprеssurеd. Thе drilling оvеr this sеctiоn with 
uncеrtаin prеdictеd pоrе prеssurе mаy rеsult in fаilurе. Thеrеfоrе, gаs cоrrеctiоn in thе 
cоmprеssiоnаl trаnsit timе is nеcеssаry in thе gаs-bеаring fоrmаtiоns. Thе mеthоd, using 
cоrrеctеd cоmprеssiоnаl vеlоcity is аpplicаblе tо prеdict pоrе prеssurе bоth in shаlе gаs 






2.5 WATER SATURATION MEASUREMENT IN SHALE GAS FORMATIONS 
 
Shаlе gаs cоmpоsitiоn cаn bе dividеd intо kеrоgеn аnd inоrgаnic mаtrix. Inоrgаnic mаtrix 
cаn bе furthеr dividеd intо clаy аnd nоn-clаy minеrаls [17]. Figurе 2.21 prеsеnts thе 
pеtrоphysicаl mоdеl, which cаn bе usеd аs а bаsis fоr undеrstаnding thе structurе оf shаlе 
gаs fоrmаtiоns, аnd fоr visuаlizing tоtаl gаs cоntеnt еstimаtiоn [17]. It is gеnеrаlly 
cоnsidеrеd thаt wаtеr оnly еxists in thе inоrgаnic mаtrix (Rаmirеz, Klеin еt аl. 2011; 
Аlfrеd аnd Vеrnik 2012; Glоriоsо аnd Rаttiа 2012) [17]. Аs shоwn in Figurе 2.21, thеrе 
аrе gеnеrаlly twо typеs оf wаtеr, clаy bоund wаtеr аnd cаpillаry bоund wаtеr. 
 
 
Fig. 2.21. Schematic of shale matrix and porosity composition [17]. 
 
In thе lаbоrаtоry, wаtеr sаturаtiоn Sw is mеаsurеd by stаndаrd Dеаn Stаrk оr by thе rеtоrt 
mеthоd. Thеsе mеthоds еxtrаct fluid frоm crushеd cоrе sаmplеs tо mеаsurе bоth wаtеr 
sаturаtiоn аnd dry pоrоsity. Dеаn Stаrk cоmbinеs thеrmаl аnd tоluеnе еxtrаctiоn whilе 
rеtоrt mеthоd usеs оnly thеrmаl еxtrаctiоn. Wаtеr sаturаtiоns cаn аlsо bе dеrivеd frоm 
wеll lоgs. Аdvаncеd lоgs such аs NMR, gеоchеmicаl аnd Diеlеctric Scаnnеr Sеrvicе [18] 
lоgs prоvidе rеliаblе wаtеr sаturаtiоn еstimаtiоn. Hоwеvеr, duе tо high cоst оf wаtеr 
sаturаtiоn аnаlysis frоm shаlе cоring аnd аdvаncеd wеll lоgs, mеthоds tо еstimаtе wаtеr 
sаturаtiоn bаsеd оn minimum input dаtа gеnеrаlly аvаilаblе frоm stаndаrd wеll lоgs hаvе 
аlsо bееn prоpоsеd [17]. Оnе оf such mеthоds is discussеd bеlоw. 
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2.5.1 Use of Pickett Plots for Water Saturation Evaluation in Shale Gas Formations 
 
The contents of this section are entirely a discussion of the publication: SPE 146948. Use 
of Pickett Plots for Evaluation of Shale Gas Formations. Yu, G. and Aguilera, R. (2011) 
[19]. 
 
Thе mеthоd is inspirеd by а quick-еvаluаtiоn, timе-tеstеd mеthоdоlоgy dеvеlоpеd by 
Pаssеy еt аl. (1990) fоr shаlеs thаt аppliеs gеnеrаlly sоnic аnd rеsistivity lоgs. Аrchiе’s 
еquаtiоn wаs dеvеlоpеd оriginаlly fоr clеаr sаndstоnе rеsеrvоirs аnd lаtеr аppliеd tо оthеr 
typеs оf cоnvеntiоnаl rеsеrvоir rоcks. Zhао еt аl. (2007) hаvе shоwn thе pоssibility оf 
еstimаtiоn оf wаtеr sаturаtiоn in shаlеs by аpplying thе Аrchiе’s еquаtiоn. Thе mеthоd 
undеr discussiоn cоmbinеs thеsе twо cоncеpts аnd аppliеs Pickеtt plоts fоr quick, yеt 
аccurаtе, еvаluаtiоn оf shаlе gаs fоrmаtiоns frоm gеnеrаlly аvаilаblе sоnic аnd rеsistivity 
lоgs. Thе mаjоr prоpеrtiеs fоr еvаluаtiоn оf shаlе gаs fоrmаtiоn аrе pоrоsity, wаtеr 
sаturаtiоn, tоtаl аmоunt оf оrgаnic mаttеr аnd its gеоthеrmаl mаturity, аnd thе cаpаbility 
tо flоw nаturаl gаs. 
 
Zhао аnd оthеr rеsеаrchеrs аssumе thаt Аrchiе’s (1942) еquаtiоn (2.25) is аpplicаblе fоr 
еstimаting wаtеr sаturаtiоn in shаlеs. 
 
Rt  =  
a Rw
ϕm Sw
n  Eq. 2.25 
 
whеrе Rt is а truе fоrmаtiоn rеsistivity; Rw is а wаtеr rеsistivity аt fоrmаtiоn tеmpеrаturе; 
а is а cоnstаnt (gеnеrаlly аssоciаtеd with tоrtuоsity); m is thе pоrоsity еxpоnеnt (оr 






А sоnic - pоrоsity rеlаtiоnship (Еq. 2.26) wаs dеvеlоpеd spеcificаlly fоr thе cаsе оf shаlе 
fоrmаtiоns by Mаgаrа (1978): 
 
ϕ =  
Δt− Δtm
B Bc
  Eq. 2.26 
 
whеrе Δt is thе sоnic trаnsit timе in thе fоrmаtiоn, Δtm is thе mаtrix trаnsit timе оf shаlе, 
B is а cоnstаnt еquаl tо 214.6 μs/ft, аnd Bc is а cоrrеctiоn cоnstаnt. Bc cаn bе fоund frоm 
cоrrеlаtiоn оf dеnsity lоg pоrоsitiеs with pоrоsitiеs frоm cоrе аnаlysis. Fоr shаlе 
fоrmаtiоn shоwn in Fig. 2.22, Bc = 2.33. 
 
 
Fig. 2.22. ϕD calculated from density log vs ϕ measured in crushed core samples of a 
shale formation. Data taken from Zhao et al. (2007) [19]. 
 
 
Eq. 2.25 and 2.26 can be combined to obtain: 
 
Rt  =  
a Rw (B Bc)
m
(Δt− Δtm)m Sw
n  Eq. 2.27 
 
Taking logarithm of Eq. 2.27 leads to: 
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logRt  =  −m log(Δt −  Δtm) + log(a Rw) + m log(B Bc) − n logSw  Eq. 2.28 
 
Аssuming thаt thеrе is оnly wаtеr in thе pоrе spаcе оf shаlе (Sw= 1) аnd thаt а=1, Еq. 2.28 
rеducеs tо: 
 
logRo  =  −m log(Δt − Δtm) + log(Rw) + m log(B Bc)  Eq. 2.29 
 
This thеоrеticаl rеlаtiоnship bеtwееn rеsistivity аnd sоnic trаnsit timе аt 100% wаtеr 
sаturаtiоn fоr а shаlе fоrmаtiоn cаn bе prеsеntеd in а lоg-lоg plоt, аs shоwn in Fig. 2.23, 




Fig. 2.23. Crossplot of (Δt - Δtm) vs. true resistivity in a Pickett plot for shale, sandstone, 
limestone, and dolomite lithologies at 100% water saturation. Data are taken 
from Passey et al. (1990) [19]. 
 
Fоrе shаlе, hеrе it is аssumеd thаt Δtm = 68 μs/ft, B = 214.6 μs/ft аnd Bc = 2.33. Prаcticаl 
еxpеriеncе indicаtеs thаt thе m vаluе fоr shаlе rеsеrvоirs is usuаlly lеss thаn 2. Thе m 
vаluеs fоund fоr shаlеs in thе litеrаturе rаngе frоm 1.45 tо 1.85 (Аguilеrа, 1978; Zhао еt 
аl., 2007; Rаmirеz еt аl., 2011). Thе fоrmаtiоn wаtеr rеsistivity Rw is tо bе cоrrеctеd tо 
thе fоrmаtiоn tеmpеrаturе аt thе dеpth in quеstiоn (Аrps, 1953; Ridеr, 2002). 
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Fоr еxаmplе, Fig. 2.24 prеsеnts thе Pickеtt plоt (ϕ vs. Rt оn lоg-lоg cооrdinаtеs) fоr 
Hаynеsvillе gаs shаlе fоr thе pоrоsity cаlculаtеd frоm sоnic lоg rеаdings (Еq. 2.26) аnd 
thе truе fоrmаtiоn rеsistivity mеаsurеd with dееp rеsistivity tооl. 
 
 
Fig. 2.24. Pickett plot for the Haynesville shale formation. Water saturation data are 
extracted from Ramirez et al. (2011) [19]. 
 
Thе sеt оf pаrаllеl strаight linеs with thе slоpе m = 1.85 rеprеsеnts thе cеrtаin vаluеs оf 
wаtеr sаturаtiоn (100, 50, 25%) rеducing upwаrds. Thе Fig. 2.24 shоws thаt Pickеtt plоt 
wаtеr sаturаtiоns 15% < Sw < 50% аrе cоnsistеnt with cоrе dаtа аnd thе NMR lоg 
publishеd by Rаmirеz еt аl. (2011). 
 
Thus, this mеthоd using sоnic аnd rеsistivity lоgs аnd intеgrаting Аrchiе’s еquаtiоn intо 
Pickеtt plоts prоvidеs quick аnd аccurаtе еstimаtiоn оf wаtеr sаturаtiоn in shаlе gаs 
fоrmаtiоns, аs wеll аs tоtаl оrgаnic cаrbоn аnd undеr fаvоrаblе cоnditiоns, еstimаtеs оf 
frаcturе intеnsity аnd diffusiоn. Hоwеvеr, thе mеthоd is nоt mеаnt tо rеplаcе dеtаilеd 






CHAPTER 3  
METHODOLOGY 
 
Steps taken to inspect correlation of water saturation (Sw) with pore pressure (Pp) are 
described below. The steps from no. 1 to 4 can be considered as a workflow of pore 
pressure prediction from sonic methods with the correction of gas effect [5] [7]. 
 
1) Since the theory of pore pressure estimation from well logging data applies to clean 
shale, it is critical to select pure shale for use in pore pressure analysis. Wireline 
gamma ray data are used to discriminate between shale and other lithologies. Shale 
will have high gamma ray and the points with gamma ray values less than shale 
baseline are not considered for analysis. Shale points defined on GR log are transferred 
to the corresponding acoustic log for further analysis. 
 
2) Check the presence of gas and identify the gas effect on compressional velocity by 
cross-plotting Vp/Vs vs. Δtc and comparing it with a line for shale without gas on the 
same cross-plot. The plot for gas-bearing zone lies below the water-filled trend line, 
i.e. the Vp/Vs values for gas-bearing shale are smaller than that for normal, water-filled 
shale. 
 
3) If the gas effect detected, the compressional velocity Vp should be corrected and 
calculated from shear wave velocity (Eq. 2.22). 
If there is no gas effect on Vp, its log readings as they are can be used for further 
calculation of pore pressure. 
 
4) After the treatment of sonic log readings, any existing sonic methods can be applied 
to calculate pore pressure in the zone of interest. It can be either Bowers method (1995) 
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(Eq. 2.17), Miller’s method (Eq. 2.20) or an equation proposed by Zhang et al. (2011) 
(Eq. 2.21). 
 
5) The next stage is an estimation of relationship between Sw and Pp (its existence and 
magnitude) which can be done by means of correlation analysis. 
 
At this stage, there are two scenarios for further developments: 
5.1) In case of conventional (fully water-bearing) shale, Sw equals to 100% and pore 
pressure can be both normal and overpressured. Therefore, correlation of water 
saturation with pore pressure is meaningless in such formations. 
 
5.2) In case of shale gas formations, water saturation varies and correlation between Sw 
and Pp can be performed. If the correlation is significant, it is possible to find the 
approximating empirical equation. 
Sw can be estimated from the method integrating Archie’s equation into Picket plots 
(section 2.5.1) provided that a, m, n and Rw are constant. The a and n parameters are 
generally assumed to be equal 2; the water resistivity Rw is to be corrected to 
formation temperature; m values for shale varies from 1.45 to 1.85. 
 
Thе prоcеdurе fоr mаking а Pickеtt plоt is аs fоllоws [20]: 
5.2.а) Cаlculаtе pоrоsity ϕ frоm sоnic lоgs using Еq. 2.26. 
5.2.b) Plоt thе pоints оf cоrrеspоnding pоrоsity ϕ аnd truе rеsistivity Rt vаluеs 
оbtаinеd frоm wеll lоgs оn lоg-lоg pаpеr. Usе thе x-аxis fоr thе Rt scаlе аnd 
thе y-аxis fоr thе ϕ scаlе. 
5.2.c) Plоt thе cоrrеctеd tо fоrmаtiоn tеmpеrаturе Rw vаluе by plоtting thе Rw pоint 
аlоng thе Rt scаlе оn thе x-аxis аt thе tоp оf thе grаph grid whеrе pоrоsity is 
100%. 
5.2.d) Usе thе cеmеntаtiоn fаctоr m vаluе typicаl fоr thе cоncеrnеd bаsin. 
Lаbоrаtоry аnаlysis is nеcеssаry fоr prеcisе dеtеrminаtiоn оf m. 
5.2.е) Оn а Pickеtt plоt, thе vаluе оf m dеtеrminеs thе slоpе оf thе Sw linеs. Thе 
first Sw linе plоttеd оn а Pickеtt plоt is thе 100% Sw linе. Tо plоt this linе, 
42 
drаw а linе with а nеgаtivе slоpе еquаl tо m thаt bеgins аt thе Rw pоint. Usе 
а linеаr scаlе tо mеаsurе thе slоpе. 
Аftеr plоtting thе 100% Sw linе, plоt thе linеs rеprеsеnting lоwеr pеrcеntаgеs оf 
Sw using this prоcеdurе: 
5.2.f) Find thе intеrcеpt оf Rt = 1 аnd thе 100% Sw linе (mаdе in thе lаst 
prоcеdurе) 
5.2.g) Frоm this intеrcеpt, drаw а linе pаrаllеl tо thе x-аxis аcrоss thе plоt. Аny 
pоint оn this linе hаs thе sаmе pоrоsity. 
5.2.h) Whеrе this linе pаssеs thrоugh Rt оf 2, 4, 6, 8, 14, аnd 20, drаw а sеriеs оf 
linеs pаrаllеl tо thе 100% Sw linе. 
5.2.i) Pоints оn thеsе linеs cоrrеspоnd tо lоwеr pеrcеntаgеs оf Sw, cаlculаtеd 
frоm thе Аrchiе еquаtiоn using cеrtаin vаluе оf m аnd n = 2 аt Rt оf 2, 4, 
6, 8, 14, аnd 20 Оhm-m. 
 

















































Fig. 3.1. Suggested workflow for inspection of correlation of water saturation 
(Sw) with pore pressure (Pp). 
Well logs 
Gamma Ray log 
Select clean shale 
by means of shale baseline 
Cross-plot Vp/Vs vs. Δtc 
to identify a gas effect on Vp 
Gas absent. 
Normal shale. Sw = 1 
Gas present. 
Shale gas formation. Sw < 1 
Keep the Vp 
readings from log 
Remove the gas effect on Vp 
Calculate Vp (Δtc) from Vs (Δts) 
Calculate pore pressure (Pp) 
from one of the sonic methods: 
Bowers, Miller’s or Zhang’s eq. 
Sw = 1 
constant 
Sw = variable 
Inspection of 
correlation between Sw 
and Pp is meaningless 
Inspect the correlation 
between Sw and Pp 
and find the approximating 
empirical equation 





CHAPTER 4  
RESULTS AND DISCUSSION 
 
The contents of this chapter are essentially the speculations about the nature of fluids in 
shales and their effect on pore pressure estimation, and conclusion of the written materials 




After review of previous publications, it can be concluded that water saturation alteration 
through the gas presence in the formation does affect the pore-pressure estimation 
technique. However, strictly speaking, the original cause of this effect is the gas presence, 




 The following two paragraphs discuss the conditions at which the water saturation 
does not affect pore-pressure estimation techniques: 
 
Water saturation is the fraction (percentage) of the pore volume of rock that is filled 
with formation water. It is generally assumed that the pore volume not filled with 
water is filled with hydrocarbons [11]. If rock does not contain hydrocarbon, water takes 
up all pore space, i.e. it is 100% water saturated. Despite this, as a drilling practice 
shows, pore pressure in such rock intervals can be both normal and abnormally high. 
Hereof, in fully water-bearing rocks water saturation affects neither a pore pressure, 
nor a technique of its prediction. However, water volume (its content) within pore 
space does affect the pore pressure. Indeed, the excessive volume of formation water 
accompanies overpressures [1] [6] [8]. It should be emphasized that conventional well-
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log-based pore-pressure prediction methods and algorithms apply exclusively to thick 
and pure, normal (water-bearing) shale zones. For other permeable lithologies, pore 
pressure can be predicted by either assuming pressure equilibrium between shale and 
non-shale, or using centroid and buoyancy methods. 
 
In reservoirs with abnormally high pore pressures caused by hydrocarbon generation, 
the fluid-pressuring phase, as it is clear from the name, is hydrocarbon. These rocks 
usually produce only gas or oil and gas. If water is produced from such reservoir, it 
usually comes from an isolated reservoir within a stack of hydrocarbon-bearing 
reservoir or it is mobile water from reservoir with high water content [6]. Therefore, 
the effect of water saturation on pore pressure in such kind of reservoir is out of 
question. 
 
 The following paragraph discusses the conditions and the effect itself of water 
saturation variation on pore-pressure estimation techniques. Essentially, it is a 
conclusion of study performed by Shuling Li et al. (2012) [5] discussed in section 2.4. 
 
Water saturation alteration, more precisely – its reduction from 100%, might be called 
“conditionally and indirectly” affecting a pore pressure and its prediction technique 
when the porous volume is filled with both water and hydrocarbon gas. In 
unconventional shale gas formations, pore pressure can increase from normal to an 
abnormally high pressure over a relatively short depth interval due to significant 
increase in pore volume caused by conversion of organic material (kerogen) to gas [6]. 
This is how a gas presence in pore space affects a pore pressure. At the same time, the 
presence of gas in the shale affects log measurements. Particularly, it causes the sonic 
compressional velocity (Vp) to be slower / transit time (Δtc) to increase, introducing 
large uncertainties and negatively influencing the accuracy of conventional pore-
pressure-prediction techniques. Shear wave velocity (Vs) has a small response to gas 
in the pore space and can be used to remove the gas effect on the compressional 
velocity and correct the Vp readings. Such treatment provides a much more accurate 
pore pressure prediction. The method, using corrected compressional velocity, can be 
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applied to predict pore pressure both in unconventional shale gas formations and in 
gas-bearing formations in conventional reservoirs. 
 
Fig. 4.1 summarizes the previous discussion: 
In normal shale, water saturation always equals unity and it does not affect a pore-pressure 
estimation technique. 
However, in unconventional shale gas formations, the water saturation alteration through 























Sw < 1 









CHAPTER 5  
CONCLUSION AND RECOMMENDATION 
 
Water saturation variation (its reduction from unity) takes place in case of other phase 
present in pore space. The effect of variation of water saturation on conventional pore-
pressure estimation technique is pronounced through the gas presence in the formation. 
Thus, in normal shale, the water saturation always equals unity, and pore pressure can be 
both normal and overpressured, and therefore, there is no effect on Pp estimation technique 
from Sw variation. However, in unconventional shale gas formations, the water saturation 
might be moderate and high, as well as very low. Therefore, the pore pressure is usually 
overpressured from slightly to severely high. The gas present in shale formations slows 
down the compressional velocity (transit time). Consequently, the water saturation (Sw), 
which is associated with gas saturation as (1-Sg), indirectly affects the conventional pore-
pressure estimation technique. As a solution, the shear velocity should be used to remove 
the gas effect on compressional velocity due to its low response to gas in porous medium. 
Removing the gas effect considerably increases the accuracy of pore pressure calculation 
and establishes an improved normal compaction trend line. 
 
As a recommendation for future project work can be the inspection of correlation between 
water saturation and pore pressure (calculated after the correction of gas effect) in such 
kind of reservoir as a shale gas formation, following the proposed methodology in Chapter 
3. Furthermore, a thorough study of shale gas formation in relation to its geology, more 
sophisticated methods of their evaluation, distribution of interstitial water and gas phases 
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